Background. Cortical hemispherectomy leads to degeneration of ipsilateral subcortical structures, which can be observed long term after the operation. Therefore, reorganization of the brainstem auditory pathway might occur. The aim of this study was to assess reorganization of brainstem auditory pathways by measuring the auditory brainstem response (ABR) in long-term hemispherectomized patients. Methods. We performed bilateral monaural stimulation and measured bilateral ABR in 8 patients ∼20 years after hemispherectomy and 10 control subjects. Magnetic resonance imaging (MRI) was performed in patients to assess structural degeneration. Results. All patients showed degenerated ipsilateral brainstem structures by MRI but no significant differences in bilateral recording ABR wave latencies. However, nonsurgical-side stimulation elicited significantly longer wave V latencies compared to surgical-side stimulation. Differences in bilateral ABR were observed between hemispherectomized patients and control subjects. Waves III and V latencies elicited by nonsurgical-side stimulation were significantly longer than those in control subjects; surgical-side stimulation showed no significant differences. Conclusions. (1) Differences in ABR latency elicited by unilateral stimulation are predominantly due to bilateral brainstem auditory pathway activity rather than to changes in brainstem volume; (2) ABR Waves III and V originate predominantly in the contralateral brainstem; and (3) subcortical auditory pathways appear to reorganize after long term hemispherectomy.
Introduction
Hemispherectomy is commonly performed for the surgical management of pediatric patients with medically refractory epilepsy [1] . Specific types of hemispherectomy, such as anatomic and functional hemispherectomy, involve removal of diverse areas of the hemisphere. In particular, anatomic hemispherectomy involves complete removal of the cortex from the hemisphere in which the seizures originate [2] . Many studies indicate that reorganization, particularly in the sensorimotor cortex, occurs in the remaining hemisphere [3] , leading to recovery of function, depending on how early during postnatal development hemispherectomy is performed. Reorganization of the auditory pathway has also been reported in hemispherectomized patients [4] .
Although subcortical structures are left intact in hemispherectomy, degenerative changes can take place and remain long after surgery. In 1966, Oppenheimer and Griffith [5] published an autopsy report of a patient with hemispherectomy, noting degeneration of the midbrain, pons, and other structures ipsilateral to the resected hemisphere. A recent magnetic resonance imaging (MRI) study reported similar 2 Neural Plasticity findings with respect to degeneration and reorganization of the sensorimotor tracts (pyramidal tract and medial lemniscus) after hemispherectomy [6] . The subcortical auditory pathway, from the acoustic nerve to the lateral geniculate body, ascending through the pons, midbrain, metathalamus, and internal capsule, includes crossed and uncrossed tracts. Similar to the pyramidal tract and medial lemniscus, the auditory pathway might also reorganize in the asymmetric brainstem and remain long after hemispherectomy.
One of the most common tests used to evaluate auditory function in the brainstem is measurement of the auditory brainstem response (ABR). The ABR has been used widely in clinical neurology and is of great value in predicting outcome in patients with severe brain injury, in intraoperative monitoring of cranial nerves, and in evaluating neurologic function [7] . ABR includes five major waves (I-V) that occur within 10 ms after stimulation to one ear. Among these, waves I, III, and V are the most reliable components. Wave I is generated in the peripheral auditory pathway [8] , and Waves III and V are believed to arise in the cochlear nuclei and lateral lemniscus, respectively [9] . The latency of ABR waves can provide information regarding change and reorganization in the brainstem auditory pathway.
The aim of the present study was to use MRI to confirm ipsilateral subcortical structural degeneration in patients after long-term hemispherectomy and to assess the bilateral ABR and determine if ABR results can be used to identify reorganization of the auditory pathway.
Materials and Methods

Subjects.
The study protocol was approved by the Beijing Tiantan Hospital Ethics Committee. Subjects provided written informed consent before participating in the present study. Patients were included if they had received hemispherectomy more than 10 years ago and without any relapse of epilepsy regardless of their sex and age, had normal primary neurological and cognitive function (P300) [10] , and preserved sensory and motor function [11] . Eight adult patients with long-term hemispherectomy (average, 20.5 years; range, 18-24 years) were tested. The patients included seven men and one woman (27 to 40 years of age at the time of study). Age at seizure onset ranged from birth (congenital) to 6 years. Etiology included intracranial hemorrhage, neonatal jaundice, tuberculous meningitis, hyperpyrexia, and unknown. Preoperative neurologic examinations (computed tomography and electroencephalography) showed various abnormalities as described in a previous study [11] . Age at surgery ranged from 7 to 21 years.
Three patients underwent right-sided operation, and five underwent left-sided operation. All of the patients underwent modified Adams anatomic hemispherectomy. In this procedure, cortical gray and white matter were removed, and the septum pellucidum was left integrated. A muscle flap was placed into the foramen of Monro and sutured to the cerebral falx to chronically separate the subdural space from the cerebral ventricle [11] [12] [13] . The basal ganglia and thalamus were completely preserved in all cases. All patients showed contralateral hemiparesis postoperatively but were able to walk unaided and had functional basic social cognitive characteristics to cope with daily life. Seizures disappeared completely after surgery, with no signs of delayed complications, such as hydrocephalus or superficial cerebral hemosiderosis. None of the patients had taken any antiepileptic drugs since hemispherectomy [14] . The pure-tone threshold in these patients was essentially normal (≤25 dB) or very mildly impaired (≤30 dB) [15] . Patient demographic and clinical characteristics are summarized in Table 1. A total of 10 age-matched, neurologically intact, control subjects without neurologic disease, including seven women and three men, were also assessed. The pure-tone threshold of the control subjects was essentially normal (≤25 dB).
ABR Measurement.
ABR measurements were carried out in a low-lit and sound-insulated room with electrical isolation. The temperature was maintained at ∼20 ∘ C, and relative humidity was maintained within 30% to 75%. A Medelec Synergy Advanced Clinical 10-channel Tower IOM (Oxford Instruments, Abingdon, Oxfordshire, UK) system was utilized. The ABR was elicited with an alternating rarefaction and condensation click stimulus delivered via an unshielded headphone (Synergy N&T Series; Cardinal Health Inc., Madison, WI, USA), with 0.1 ms clicks at a rate of 9.9 click/s. Each trial was performed at an intensity of 80 dB nHL. White-noise masking (40 dB nHL) was performed in the contralateral ear. The ABR was recorded with a bilateral recording system consisting of an active needle electrode attached to the vertex (Cz) and two reference noninverting electrodes attached to the ipsilateral (Mi) and contralateral (Mc) mastoid process, with reference to the recognized 10-20 standard system of the International Federation of EEG Societies. Electrode impedance was <5 kΩ. The filter bandwidth used for recording was 100-3000 Hz. Totals of 1000 to 2000 responses were averaged. The sampling rate was 40 kHz. Each test was carried out 2 or 3 times to ensure that the results were reproducible. Results were recorded both ipsilateral and contralateral to stimulation; for example, after stimulation of the left ear, Cz-Mi and Cz-Mc were recorded concurrently.
The side which received the click stimulation directly is defined as the stimulation side, while the side which the recording electrode is attached to is defined as the recording side. In the control subjects, we used left/right (L/R) side to indicate the two sides; while in the patients, we defined the side of hemispherectomy as the surgical side (S) and the contralateral side as the nonsurgical side (N). Analyzed ABR waveforms included the absolute latency of waves I (L-I), III (L-III), and V (L-V) and the interpeak latency (IPL) of waves I-III (IPL I-III), I-V (IPL I-V), and III-V (IPL III-V). The amplitudes of wave III (A-III) and wave V (A-V) were also analyzed. Relevant abnormalities were defined as prolonged absolute latency or interpeak latency longer than 0.2 ms [16] .
Magnetic Resonance Imaging.
MRI was performed for all eight patients with a Sigma 3.0 T MRI system (3.0 Tesla; GE Healthcare, Pewaukee, WI, USA). T1-and T2-weighted images were obtained. MR images were routinely taken with serial axial sections of 2 mm thickness.
Statistical Analysis.
Statistical analyses were performed with SAS statistical software, version 9.2 (SAS Institute, Inc., Cary, NC, USA). Continuous variables are presented as mean and standard deviation (SD). Repeated measures analysis of variance (ANOVA) with Bonferroni's post hoc tests were used to compare stimulation types and recording side (comparison of 3 or more groups). A paired -test was also used to compare stimulation types and recording side (comparison of two groups). Comparisons between patients and control subjects were analyzed by independent two-sample -test. A two-sided value < 0.05 was considered statistically significant.
Results
Brainstem Atrophy in Hemispherectomized Patients.
MRI results for all eight hemispherectomized patients showed that the hemisphere on the surgical side was totally resected. In addition, atrophy of the thalamus, basal nuclei, and brainstem (including the midbrain and pons) ipsilateral to hemispherectomy was obvious. The medulla oblongata and cervical cord showed no significant differences compared to the contralateral side (representative results for a single patient are shown in Figure 1 ).
Absolute Latency, Interpeak Latency, and Wave Amplitude in Control Subjects.
Comparisons of absolute latency, interpeak latency, and wave amplitude for the 10 control subjects are summarized in Table 2 . There were no statistically significant differences observed in the absolute latencies of Waves I and III. However, the absolute latencies of Wave V recorded on the contralateral sides (L/R, R/L) were longer than that on the ipsilateral side for the R/R group ( 
Absolute Latency, Interpeak Latency, and Wave Amplitude in Hemispherectomized Patients.
Comparisons of absolute latency, interpeak latency, and wave amplitude for the eight hemispherectomized patients are summarized in Table 3 and the ABR waveforms for all eight patients are shown in Figure 2 . No significant differences in absolute latency were observed for L-I or L-III. However, the absolute latencies of wave L-V for the N/N and N/S groups were significantly longer than those for the S/S and S/N groups (5.90 ms and 5.97 ms versus 5.56 ms and 5.61 ms, resp.; ≤ 0.005 for post hoc test). With respect to interpeak latency, IPL I-V and IPL I-III for the N/N group were significantly longer than those for the S/S group (IPL I-V: 4.29 ms versus 3.96 ms, resp.; = 0.004; IPL I-III: 2.30 ms versus 2.16 ms, resp.; = 0.041). The IPL III-V wave for the N/S group was significantly longer than that for the S/S group (2.15 ms versus 1.80 ms, resp.; < 0.001). No significant differences were observed for A-III or A-V.
Ipsilateral Side Comparisons between Patients and Control
Subjects. Given the lack of significant difference between L/L and R/R sides with respect to absolute latency, interpeak latency, and amplitude in the control subjects, values for the ipsilateral sides (L/L, R/R) were averaged in the control Table 2 : Absolute latency, interpeak latency, and wave amplitude in control subjects. Stimulation side/recording side subjects and used to compare with values for the hemispherectomized patients (Table 4) . No significant differences in absolute latency between patients and control subjects were observed for L-I. For the N/N patient group, L-III and L-V latencies were significantly longer than those for control subjects (L-III: 3.91 ms versus 3.72 ms, resp.; ≤ 0.002; L-V: 5.90 ms versus 5.56 ms, resp.; ≤ 0.004). No significant differences in L-III or L-V were observed for the S/S patient group compared to control subjects. Similar results were observed for IPL I-V and IPL I-III for the N/N patient group compared to control subjects (IPL I-V: 4.29 ms versus 3.96 ms, resp.; ≤ 0.013; IPL I-III: 2.30 ms versus 2.13 ms, resp.; ≤ 0.001). No significant differences in IPL III-V were observed between patients and control subjects. Significantly lower A-III was observed in the N/N and S/S patient groups compared to control subjects (0.13 V and 0.15 V versus 0.32 V, resp.; ≤ 0.008). No significant differences in A-V were observed between patients and control subjects.
Contralateral Side Comparisons between Patients and
Control Subjects. Given the lack of significant difference between L/R and R/L with respect to absolute latency, interpeak latency, and amplitude in the control subjects, values for the contralateral sides (L/R, R/L) in the control subjects were averaged and used to compare with values for the hemispherectomized patients (Table 5) . No significant differences in absolute latency between patients and control subjects were observed for L-III. For the N/S patient group, L-V was significantly longer than that for the control group (5.97 ms versus 5.67 ms, resp.; ≤ 0.004). No significant differences were observed in L-III or L-V for the S/N patient group compared to control subjects. Similar results were found for IPL III-V in the N/S patient group (2.15 ms versus 1.96 ms, resp.; ≤ 0.026). No significant differences in A-III or A-V were observed between patients and control subjects.
Discussion
The aim of the present study was to measure ABR in patients with long-term hemispherectomy and to determine if ABR can be used to identify reorganization of the auditory pathway in such patients. Results showed that whereas all eight of the hemispherectomized patients showed ipsilateral subcortical structural degeneration, as assessed by MRI, they nonetheless showed no significant differences in bilateral recording (N/N versus N/S and S/S versus S/N) ABR wave latencies or amplitudes. However, nonsurgical-side stimulation (N/N, N/S) elicited significantly longer wave V latencies compared to surgical-side stimulation (S/S, S/N). Compared to neurologically intact control subjects, hemispherectomized patients showed significantly longer Wave III and Wave V latencies elicited by nonsurgical-side stimulation (N/N, N/S). No significant differences were seen for Wave III and Wave V latencies elicited by surgical-side stimulation (S/S, S/N).
After long-term hemispherectomy, degeneration of subcortical structures and a large cranial cavity are common Neural Plasticity 7 Table 5 : Contralateral-side comparisons between patients and control subjects.
Control subjects ( = 10) P a t i e n t s( = 8) phenomena [5, 6] . However, given that bilateral wave latencies (N/N versus N/S and S/S versus S/N) in response to monaural stimulation were not significantly different in the presence of these structural changes in our patients indicates that based on the volume conductor effect, brain volume was not a major factor in the conduction of auditory evoked potentials [17] . Therefore, significant differences in ABR in the hemispherectomized patients are thought to be due to reorganization of the brainstem auditory pathways (crossed and uncrossed pathways). Distortion of auditory pathways and/or demyelination of contralateral pathways may be part of the explanation for our findings. ABR is generally recorded from the side ipsilateral to stimulation. Contralateral recording is not thought to contribute significantly to lesion detection; the main value is to aid in the recognition of certain waves when they are not clearly visible in the ipsilateral recording [18] . Hatanaka and associates [19] suggested that contralateral recordings can be a useful measure of developmental changes in the infant auditory pathway. Our present results showed no significant differences in ABR wave latencies elicited by ipsilateral stimulation (L/L, R/R) in control subjects. However, Wave V latencies showed slight but statistically significant increases in response to contralateral stimulation (L/R, R/L). These findings are similar to those of other reports [20] [21] [22] [23] . In addition, Wave III showed significantly smaller amplitudes in response to contralateral (L/R, R/L) versus ipsilateral (L/L, R/R) stimulation in control subjects. The reason for this difference is not known. Possible explanations include methodologic recording differences [20] or lateralization of the brainstem auditory pathway [23] .
Detailed information regarding sites of generation of ABR responses would further enhance the clinical applicability and relevance of ABR. Among the three major waves (Waves I, III, and V), Wave I has been demonstrated to originate from the ipsilateral auditory nerve or at its point of entry to the brainstem [24] . Møller and Jannetta [25] suggested that Wave III is associated with activity in or near the ipsilateral cochlear nucleus. Wave III is also associated with activity of the superior olivary complex [9, 26] . Wave V has been attributed to activity in the contralateral lateral lemniscus, which terminates in the inferior colliculus [9, 24, 27] . ABR designation of sites of generation remains to be fully elucidated. Contrary to the point of view of Møller and associates [9] that Wave III originates ipsilaterally and Wave V originates contralaterally, studies of patients with brainstem lesions suggest that the ipsilateral auditory pathway might be the main generator of wave V [28] . Casali and Dos Santos [29] reviewed the literature and stated that both Waves III and V receive contralateral inputs probably in greater number than ipsilateral inputs. The same conclusion was made by Strauss and associates [30] . With respect to the hemispherectomized patients in our study, we suggest that the resected hemisphere resulted in retrodegeneration of the ipsilateral subcortical nucleus in the brainstem auditory pathway. Degeneration of an auditory nucleus might result in prolongation of ABR latency in response to nonsurgicalside stimulation (N/N, N/S) compared to control subjects.
Acoustic information from each ear ascends ipsilaterally and contralaterally to reach both auditory cortices [4] . However, it has been reported that the contralateral pathway has a marked advantage over the ipsilateral pathway [4, 31, 32] . The longer latencies of Waves III and V elicited by stimulation of the nonsurgical side in patients indicate that the contralateral brainstem contributes to Waves III and V [29] . Prolongation of wave V would be related to the marked degeneration of the superior pons and that of Wave III would be related to degeneration of the inferior pons.
Although the auditory function of patients in our study was not severely affected by hemispherectomy, there is a report of impaired sound localization in hemispherectomized patients [32] . Those authors suggest that a single hemisphere and/or residual (subcortical) structures cannot analyze sound localization as efficiently as two fully functional hemispheres. In addition, de Bode and associates [31] tested dichotic listening in hemispherectomized patients and suggested that language function is affected by the absence of a hemisphere, citing specialization of the cortical hemispheres for language. Both reports suggested that after hemispherectomy, function of the crossed auditory pathway performs better than that of the uncrossed pathway; the ear ipsilateral to hemispherectomy shows better function than the ear contralateral to hemispherectomy. These studies are similar to our results in that the ABR latencies elicited from the surgical side (S/S, S/N) were shorter than those elicited from the nonsurgical side (N/N, N/S). Both of the above reports [31, 32] focused on the hemispheric cortex, ignoring subcortical auditory structures such as the inferior colliculus and lateral lemniscus, which also provide a coding mechanism for locating sources in space [33] . The superior olivary complex of the mammalian brainstem is also involved in computing sound localization [34] . Our present observation of significant differences in bilateral ABR wave latencies in hemispherectomized patients indicates that the impaired auditory function occurs, at least in part, at the subcortical level.
It is important to understand the implications of significant differences in bilateral ABR wave latency in hemispherectomized patients. An auditory functional MRI study on hemispherectomized subjects demonstrated significantly decreased activity in the intact hemisphere in response to monaural stimulation of surgical side and increased activity in response to stimulation of normal side [4] . The authors suggested that a substantial amount of functional reorganization takes place subcortically. Studies have also indicated that after hemispherectomy or diffuse cortical injury, crossed and uncrossed auditory pathways undergo functional reorganization [31, 32, 35] . In the present study, even though significant differences in bilateral ABR were observed in hemispherectomized patients, all of the waveforms could be elicited, similar to the control subjects. Thus, we believe that auditory function of the brainstem remains normal rather than being impaired by hemispherectomy. In addition, differences in bilateral ABR latency in hemispherectomized patients indicate that reorganization may take place in the brainstem auditory pathways. Our results also indicate that the prolonged latency of Wave V was greater than that of Wave III and thus suggest that reorganization of the subcortical auditory pathways may take place mainly in the lateral lemniscus, between the level of the superior olivary complex and the inferior colliculus. We suggest that in the event of severe injury to the cortex, auditory function of the subcortical crossed pathway might be impaired and therefore reinforced by the uncrossed pathway. The intact hemisphere, along with its ascending pathway, might also undergo changes. Further studies combining high-resolution neuroimaging and animal histology are needed to elucidate the exact nature of auditory pathway reorganization after hemispherectomy.
Potential limitations of the present study include the fact that whereas all but one of the hemispherectomized patients were male, most of the control subjects (7/10) were female. There is a report suggesting that ABR latency and amplitude can differ according to sex [36] ; however, other research indicates that this difference might be small enough to be nonsignificant [37] .
In conclusion, the use of bilateral ABR measurements in response to monaural stimulation was able to identify prolonged latencies in Wave III, thought to arise in the cochlear nuclei, and Wave V, thought to arise in the lateral lemniscus, in response to nonsurgical-side (i.e., contralateral to hemispherectomy) stimulation versus surgicalside (ipsilateral to hemispherectomy) stimulation in hemispherectomized patients compared to control subjects. The use of ABR in this clinical situation may be helpful in further elucidating subcortical reorganization of the auditory pathways. Our present results indicate that (1) differences in bilateral ABR latency elicited from monaural stimulation are due mainly to bilateral brainstem auditory pathway activity rather than to changes in brain volume; (2) ABR Waves III and V originate mainly in the contralateral brainstem; and (3) subcortical auditory structures are involved in the
